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Reconstructing the three-dimensional (3-D) boundary of a structure from 
tomographic data is an important problem in medical imaging. While accuracy is much 
needed for medical applications, the facts that medical images are typically noisy and 
layers of biological structures are often close to one another make a fully automated 
system difficult, if not impossible. A system that requires some but minimum guidance 
from the user, and that allows easy intervention in its reconstruction process if necessary 
is desirable. 
The concept ofthe deformable model in [14] was based on such needs. However, 
this original model was only a 2-D approach. Several 3-D variants have been extended to 
allow 3-D reconstruction. Though these variants have shortcomings. They are either 
computationally expensive or limited to simple shape. This thesis presents a 3-D 
deformable model called the ODD-Balloons model (the Orthogonal-Directions Deformed 
sets of Balloons model) for the solving some 3-D reconstruction problems. This model 
requires only an initial contour on one of the tomographs to start with, which it is 
conformable to any 3-D shapes. It is efficient, and its computations are highly 
parallelizable. The model also allows easy intervention in any intermediate steps of its 
process if necessary. 
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Chapter 1 : Introduction 
Chapter 1 
Introduction 
Tomographic imaging technologies including Computed Tomography (CT), 
Magnetic Resonance Imaging (MRI), and Positron Emission Tomography (PET) provide 
images for various medical applications like diagnostic radiology, radiation treatment 
planning, and surgical planning [5]. The images represent serial cross-sections of internal 
organs, bones and other body structures. Traditionally, such tomographs are examined 
manually by radiologists to estimate three-dimensional (3-D) information qualitatively. 
This is a tedious task. There exists help from visualization tools using volume rendering 
techniques [4,7]. However, such techniques are generally computationally expensive, 
owing to the extremely large volume of voxel (volume element) data to manipulate, and 
thus have limitations towards fast and flexible interactive analysis. 
It would be desirable ifexplicit 3-D models of the body structures can be extracted 
automatically from the image data. Such models are computationally more efficient to 
manipulate and display. More importantly, they provide quantitative information which is 
necessary for many applications. This thesis addresses the problem ofreconstructing such 
3-D models from tomographic data. 
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A number of methods have been proposed to address the reconstructing problem. 
It is generally assumed that the 2-D boundaries of the structures on individual tomographs 
are either given [13,21] or readily obtainable by examining intensity gradients locally 
[10,15]. However, extensive research on computer vision has shown that the boundary 
detection problem, commonly known as the segmentation problem, is a difficult one. 
Edges detected from local intensity information alone are often fragmented and 
erroneous. This is especially true when dealing with soft biological tissues as the contrast 
ofthe signals sensed from them are often weak. 
An alternative is to extract such explicit models with some but minimum help 
from humans. One implementation of this is to refine a coarse and perhaps even partial 
initial boundary supplied by radiologists. In this regard, the active model, a kind of 
deformable model with an edge-affmity property as introduced by Kass et al. [16] can 
help. 
The original active contour model is used for extracting 2-D boundaries. Driven 
by intensity gradients, the contour can move from a given initial position to the closest 
edges in the image. However, the model has a few shortcomings. Since the driving forces 
are originated from local intensity gradients, the contour needs an initial position close to 
the desired boundary to start with. Spurious edges due to noise may also stop the contour 
from moving towards the desired edges. 
To remove such shortcomings, Cohen [11] added an inflation mechanism to the 
model to create what they call a 2-D balloon model. The inflation force inside the contour 
will keep inflating the contour, even at regions of uniform intensity where the driving 
force is zero in the original model, until it is balanced by the image forces towards the 
edges. The inflation force can also prevent the contour from being trapped at isolated 
edges from noise. 
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Cohen also extended the 2-D balloon to a 3-D balloon for reconstructing structures 
from tomographic data. While the performance on synthetic data [12] is very 
encouraging, the deformation process of the 3-D balloon model is computationally 
prohibitive due to the large number ofinteractions among its surface elements. Because of 
this Cohen also simplified the 3-D balloon model and proposed two less expensive 
models. However, as will be discussed in Chapter 2, such simplified models do not allow 
the incorporation ofthe balloon mechanism into their dynamics to fight against uniform-
intensity regions and noise in the tomographic data. More importantly, they have 
limitations to shapes which are non-tubular or curved axis ofelongation. 
In this thesis a new variant of the active model is proposed for solving the 3-D 
reconstruction problem. It has the important advantages of requiring minimum help from 
the user (namely to give a coarse initial 2-D contour on one of the slices to the structures 
wished to be reconstructed), admitting the support of the inflation mechanism (to 
overcome effects of noise and of the absence of image forces away from the desired 
surface boundaries), reconstructing non-tubular shapes, and being computationally 
efficient. 
This thesis is organized as follows. Chapter 2 presents some known methods 
dealing with 3-D reconstruction. Chapter 3 describes the algorithm of the proposed model 
-the ODD-Balloons model, in particular the rationale in the design, the overview and the 
different elements, and the properties. This is followed by illustrating the performance of 
the model on synthetic data as well as real MRI data in Chapter 4. Finally, Chapter 5 
summarizes the contributions of this thesis and gives suggestions for future work. 
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There exists some methods which can be applied to 3-D reconstruction from 
tomographic data. In the following sections, some of them are briefly introduced with 
their strengths and weaknesses. The emphasis, however, will be placed on the deformable 
type, to which the proposed model of this thesis belongs. Different approaches of the 
model for the 3-D reconstruction is discussed in that section. 
2.1 Thresholding 
Thresholding techniques [5] applied in 3-D imaging is based on intensities of 
voxels. These intensities in tum represent some physical property ofthe real-world object. 
Thresholding simply compares the intensity with a certain range of values and only 
retains the voxels with intensities falling into the range. The main advantage is its speed, 
since a comparatively small amount of computation power is needed to generate image in 
a reasonable amount oftime. However, it has the disadvantage that it is too directly tied to 
absolute intensity which makes it sensitive to noise. A small noise can lead to 
misclassification of the object type. 
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2.2 Edge Detection 
An edge is the boundary between two regions with relatively distinct intensity 
properties. Basically, the idea underlying most edge-detection techniques is the 
computation of a local derivative operator [17]. Edge-detection methods can give quite 
good results for high contrast images with low frequency noise. In images with 
appreciable high frequency noise, however, the estimation of local gradient becomes 
difficult. In addition, the detected edges may be fragmented by using the edge-detection 
methods. In such cases, a edge linking scheme is usually employed to link the 
disconnected edges which can result in more errors. A survey of different edge-detection 
techniques can be found in Davis，work [14]. 
2.3 Region Growing 
While thresholding and edge detection focus on the difference of voxel values, 
region growing looks for groups of voxels of similar brightness. In its simplest form, the 
method starts with one voxel, and then examines its neighbors in order to decide whether 
they have similar brightness. Ifthey do, they are grouped together to form a region. In this 
way regions are grown out of single voxels [20]. More advanced forms do not start with 
voxels but with a partition of an image into a set of small regions. A uniformity test is 
then applied to each region. If the test fails, the region is subdivided into smaller 
elements. This process is repeated until all regions are uniform. Regions are therefore 
grown out of smaller regions rather than voxels. The major advantage of using small 
regions rather than voxels is a reduced sensitivity to noise. The problem of the region 
growing is the selection of suitable properties for including points in the various region 
during the growing process. The selection of similarity criteria depends not only on the 
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problem under consideration, but also on the type of image data available. Additionally, 
the segmented region always has a blocky edge effect. 
2.4 Radial Contour Model 
Radial contour model [8], which is a type of a geometric constraint network, 
captures the shape and the range of variation for a class of 2-D shapes in the form of 
geometric constraints. In the model, the variables represent points on a contour boundary, 
the possible values of the variables define the accessible volumes of the contour points 
with respect to a local contour coordinate system, and the constraints are essentially 
allowed slope ranges for the lines between neighboring radials. The disadvantage of the 
method is the need for the generation oftraining set to capture the shape and the range of 
variation of a class ofobject. 
2.5 Regularized Region Contrast 
An optimization approach estimates a simple closed curve which describes the 
boundary ofan object represented in an image. This method is based on minimization o f a 
regularized function, measuring the normalized contrast in image values between the 
inside and outside ofthe boundary [6]. The approach has better immunity to image noise 
and is highly automated. The fact that it does not require human intervention in the 
segmentation approach is definitely an advantage in its original idea. However, 
segmentation is a well-known complicated and difficult task. So, which calls for an 
interactive segmentation system [8]. 
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2.6 Deformable Model 
In an important work, Kass et al. [16] introduced an active contour model which 
they call the "snake" for extracting 2-D boundary. Driven by intensity gradients, the 
active contour can move from a given initial position to the closest maxima of intensity 
gradients in the image. The model is a novel design for providing the autonomous 
segmentation process with some help from humans in the form of a supplied initial 
position of the contours, and is particularly useful for segmenting noisy images where 
fully autonomous segmentation is too difficult. Yet because the driving forces are 
originated from local intensity gradients, the contour will not move in regions ofuniform 
intensity in the data. It therefore requires an initial position very close to the desired 
boundary to start with. Noise in the data in the form of spurious edges may also stop the 
motion of the contour. 
In an elegant work, Cohen [11] proposed an improvement, where the initial 
contour is entirely inside the desired boundary, and an inflation force is added, which 
constantly pushes the contour outwards as if air were blown inside to a balloon. He called 
the new model the "balloon model". The inflation force keeps inflating the contour, even 
at regions of uniform intensity, until it is balanced by the image forces towards edges 
(after which the inflation force can be dismissed and the contour will rest exactly on the 
edges). The inflation force can also prevent the contour from being trapped at isolated 
edges formed from noise. 
Cohen and his colleagues [12] also applied the active contour idea to the 
reconstruction 3-D models from a tomograph series. They generalized the 2-D balloon 
model to the 3-D balloon model — an active surface with inflation force, which can 
deform over an initial 3-D boundary and conform to a 3-D shape. However, with or 
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without inflation force, the active surface model is computationally extremely expensive 
owing to the large number of interactions among its surface elements. 
To save computations, Cohen [12] proposed two simplified models. In one model, 
which is referred to as the "propagation model", the user supplies an initial contour to one 
ofthe tomographs. The contour then deforms and fits to the body structure's boundary in 
that slice. The 2-D segmentation result is then propagated to the neighboring slices along 
the tomographic axis, in a way that each slice will adopt the contour of the previous slice 
as the initialization of a new active contour and let the contour deform in it. The whole 
stack of such 2-D contours then represent the 3-D boundary of the structure. In another 
model which is referred to as the "tubular model", the user supplies an initial tubular 
volume to the tomograph series. The surface in 3-D then deforms and fits to the body 
structure's boundary like an active surface. But, to save computations, each surface 
element is allowed to move only orthogonal to the tomographic axis. 
Despite the novelty of such simplified models, they do not solve the problem 
entirely. In the propagation model, the balloon model cannot be incorporated into the 2-D 
segmentation process since the initial 2-D contour propagated to an intermediate slice 
may not be entirely contained in the desired 2-D boundary. As a result, the 2-D 
segmentations are vulnerable to noise in the 3-D data, and error made in a particular 
tomographic will also be propagated along the tomographic axis and accumulated. In the 
tubular model, for a 3-D cylindrical or non-cylindrical structure which has a curved 
elongation axis or a varying cross-section or both, the initially supplied volume of 
constant cross-section is often not entirely contained in the desired 3-D boundary. Thus 
again incorporating the model with inflation force is impossible. It is required that either 
the supplied volume is a thin one, which takes a long time to inflate to the desired shape, 
or that a volume inside and closely approximating the desired boundary is supplied, 
which generally requires a great deal of effort from the user for a complex shape. More 
importantly, both models are limited to tubular shapes with a straight elongation ofaxis. 
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The ODD-Balloons Model 
A reconstruction mechanism is desired that it can incorporate the inflation 
mechanism to fight against uniform-intensity regions and noise in the tomographic data, 
and yet is computationally viable. It should require the minimum help form the user, and 
should treat various structure shapes, tubular or non-tubular, straight-axis or curved-axis 
of elongation, in the same manner. A design which meets all these requirements is 
introduced as follows. 
3.1 Design Rationale 
The design rationale ofthe proposed model is rather simple. A complex dynamic 
system such as the 3-D active surface model generally involves a large amount of 
interactions among its elements, as shown in Figure 3.1, to arrive at the equilibrium state. 
If the system can be dissociated into divisions (Figure 3.2) whose local solutions are 
achieved separately, computations can usually be saved because interactions among 
divisions are reduced. The price to pay is that the collection of locally optimal solutions 
may not be globally optimal. However, such a collection often provides a close-enough 
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approximation to the desired solution. It can also be used as an input to the original 
dynamic system for detail refinement if necessary, the process of which should not, 
however, require much computation. 
lower order 
dynamic system ^ ¾ ^ 
~ ^ ~ | / \ lower order / \ 
high-order ^ dynamic system \ 
dynamic system X / I 1 
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^^^^^^^^^^\_^  lower order ^ ^ 
dynamic system 
Figure 3.1 A high-order dynamic system which consists oflower order dynamic systems with complicated 












Figure 3.2 Approximation of a high-order dynamic system by a number of independent lower order 
dynamic systems. 
The proposed model is based on such a simple concept. Since the boundary of any 
3-D shape can be represented as a stack of parallel 2-D contours, the huge complex model 
—the 3-D active surface model, is divided into a number of simpler processes 一 a set of 
independent 2-D active contour models incorporated with the balloon mechanism. This is 
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illustrated in Figure 3.3. Not only that the deformation processes of such contours involve 
much less computations than the active surface does, the contours can also deform at the 
same time. 
产 ^ ^ ^ " ^ f l M l t t 
C ^ ^ _ ^ ^ ^ ^ ^ _ _ y ^^MJJMWJJJ^ 
Figure 3.3 Approximation ofthe 3-D balloon model by a number ofparallel 2-D balloon models. 
However, any single set ofparallel active contours do not have the same number 
of degrees of freedom as an active surface. If the axis of a set of parallel contours is 
defined to be a line orthogonal to the planes containing the contours, any set of parallel 
active contours are limited to deform in directions orthogonal to its axis. Yet an active 
surface can deform in all directions in 3-D. 
To allow parallel 2-D active contour models to span the 3-D space, the volume 
they represent can be viewed as composed of a few sets of parallel contours at different 
orientations, and such sets are active in tums to deform. To elaborate further, once a set of 
parallel contours is settled to an equilibrium state, the corresponding volume will be cut 
into parallel slices along a different angle and let the new set of parallel contours deform 
again to another equilibrium state. Such a volume cutting and a volume propagation from 
one set ofparallel contours to another should be done iteratively until a stable volume is 
achieved. In general, the more complicated the target 3-D shape is, in terms ofthe number 
ofsurface patches (each with a constant sign of curvature) it contains, the more successive 
sets ofactive contours are required to conform to it. 
The iterative volume cuttings can be restricted to a few orientations, which are to 
be used in tums. In principle, since active surface has three degrees offreedom whereas a 
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set of parallel contours already have two, two different orientations should provide the 
same number of degree of freedoms as an active surface does. Nevertheless, three 
orthogonal orientations in 3-D are chosen for the least redundancy among the involved 
deformations and a higher efficiency ofthe reconstruction mechanism. In other words, the 
original active surface model is broken into successive sets ofparallel 2-D balloon models 
which deform along three orthogonal orientations in tums. The 2-D balloons at any 
particular time instant are independent and their deformations are all parallelizable. The 
entire reconstruction mechanism is hereafter referred as the ODD-Balloons model (the 
Orthogonal-Directions Deformed sets ofBalloons model). 
Despite the efficiency of the mechanism, there are still a number of issues to be 
concerned. 
• Overview, what the minimum input is from the user to trigger the reconstruction 
mechanism. 
• 2-D Deformations: how the parallel contours in a particular orientation deform. 
• Orthogonal Cut and Volume Transfer: how the volume of a particular set of contours 
at equilibrium is cut orthogonally and carried over to the successive set. 
• Smoothing Operation: why a new smoothing technique is needed and how it works. 
• Properties: what the properties of the entire reconstruction mechanism are. 
These issues are further elaborated in the following sections. 
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3.2 Overview 
If the tomographs are stacked in the order of their positions along the tomographic 
axis, a 3-D spatial volume of intensity data is obtained. Without loss of generality, a 
coordinate frame is designated for the 3-D data set, with the Z-axis parallel to the 
tomographic axis and the X-axis and 7-axis parallel to the tomographs, where I{x,y,z) 
is the intensity ofthe sensed signal at the point {x,y,z). 
To initiate the reconstruction mechanism, a user is required to select one of the 
tomographs (say, z = z J and give an approximate contour inside the desired boundary, as 
illustrated in Figure 3.4(a). Let y{x,y) = [x(s,t),y(s,t)f (z = z,) be the position o f the 
contour at time t , where s e[0,l) is the arc length parameter going around the contour. 
Each contour point will move from the initial position v(^,0) in the X and Y directions 
according to the image gradient V^I{x,y,z) (•灯 二 [ i , ^ J ) over that plane. Such a 
deformation seeks to settle the contour at points where the intensity gradients in the X 
and Y directions are locally maximum, as illustrated in Figure 3.4(b). The equilibrium 
state ofthe contour is ideally the structure's boundary in that slice. However, even ifpart 
of it is trapped at some strong spurious edges aroused from noise, the subsequent 
deformations would approach these edges from different angles and would wrap around 
them from behind and discard them, as described in details in Section 3.6.2. The contour 
together with its lateral sides then form a plate which can be viewed as a closed surface of 
zero volume in 3-D. This surface is hereafter referred as B^. 
A set of parallel contours are then initialized from surface B^  in an orthogonal 
direction - along planes parallel to Y-Z, in a way that each contour is the intersection 
between the associated Y-Z plane and B^. The contours appear as a set ofparallel lines 
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inside 5� (F igu re 3.4(c)), but they can also be viewed as a set of closed contours with 
zero area initially. They will deform along Y-Z independently until they are withheld by 
image gradient forces inthe Y-Z directions, Vy^I{x,y,z) (Vy^ 二 [ f , i J ) . The stack of 
parallel contours at equilibrium (Figure 3.4(d)), together with its two end surfaces, form a 
closed surface B^  in 3-D, which is an approximation of the desired 3-D boundary. 
Such an approximation is often not good enough. Another set of parallel contours 
can be initialized from surface B^  in another orthogonal direction - along planes parallel 
to Z - X, in a way that each contours the intersection between the associated Z - X plane 
and B^  (Figure 3.4(e)). The contours will deform along Z - X independently until they 
are withheld by image gradient forces in the Z - X directions, V^I{x,y,z) 
( • 汉 = f f , l T ) . The stack of parallel contours at equilibrium (Figure 3.4(f)), together 
with its end surfaces, then form another closed surface B � i n 3-D, which approximates the 
desired 3-D boundary better than B .^ 
Such sets of parallel contours are initialized and deformed iteratively over the 
three orthogonal directions X-Y, Y-Z,md Z-X in tums (Figures 3.4(g)(h)), forming 
closed surfaces {B.:i = 0,1,2”..} on the way, until there is no considerable volume change 
across three consecutive B/s. The spacing among the parallel contours is arbitrary; it can 
be smaller to recover finer details of the 3-D structure, and it can be larger to save 
computations. 
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(a) Initialization alongX- Yplane (b) Deformation alongX- Yplane 
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(c) Initialization along Y - Zplanes (d) Deformation along Y - Zplanes 
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(e) Initialization along Z -Xplanes ( f ) Deformation along Z - Xplanes 
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(g) Initialization alongX- Yplanes (h) Deformation alongX- Yplanes 
Figure 3.4 The successive deformation processes ofthe ODD-Balloons model 
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3.3 2-D Deformations 
The ODD-Balloons model requires parallel contours to deform in the tomographic 
data. This section describes how the 2-D deformation of a contour proceeds along any 
particular plane in the volume of intensity values. 
The active contour model is applied for the dynamics of each contour. The active 
contour model [16] is a deformable curve whose shape is controlled by internal and 
external forces. Internal forces keep the contour smooth, while external forces guide the 
active contour towards image features. In the system, the image features to be extracted 
are the local maxima of intensity gradients. 
The problem can be formulated as an energy minimization problem. Representing 
the position of the curve parametrically by v(^) = {x{s), y(s)), where s G [0,1), the energy 
function can be written as minimizing the sum of an internal energy term and an external 
energy term: 
E({Y(s)}) = E,^,a<s)}) + ^ext({vW}). 0.1) 
The internal energy E.^, ({v(5)}) consists of two terms: 
^int({vW}) = \ f[®l||v'W||2 袖2|卜〃(力||2]论. （3.2) 
2 ^ 
The first order term makes the contour act like a membrane (for continuity) and 
the second order one makes it act like a thin plate (for smoothness). Adjusting the weights 
cOi (elasticity term) and c02 (rigidity term) can control the relative importance of the 
membrane and the thin-plate terms. For example, setting ¢0 2 to zero at a point allows the 
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curve to become second-order discontinuous and develop a comer there. The internal 
energy is also known as the regularizing term of the minimization process. 
The external energy E^^,({y(s)}) is adapted to the image feature to be extracted: 
^ext({v(^)}) = lP(y(s))ds (3.3) 
where the potential function P(y(s)) = -| |V/(v(^))f is associated with the intensity 
gradients. 
The objective is to find the curve that minimizes ^({v(^}) . From calculations of 
variations it is known that if \\s) corresponds to a local minimum of 
E{{y(s)}) = lF(\(s)y(s),\"(s))ds, it satisfies the associate Euler-Lagrange equation: 
JD 
dEgy{s)}) _JF d dF I d' dF__ =• 
dw{s) v(4=v>)-加⑶ ds ds\s) ds' dy"{s) vW=v*W 
or 
-[co iV'W]' + [03 2V"W]" + VP(v(.))| v(^v*(,) = 0. 
To arrive at the optimai solution, the gradient descent method can be applied 
tov(^), i.e., \(s) s evolve according to the dynamics: 
dv{s,t) _ dE({y(s)}) 
~~dt ~ 一 5^ ~~ 
二 [o y{s)Y -[CO ,y"(s)]" - VP(v(5)) 
starting from some initial values. 
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Since the images are discrete, a discrete implementation of the above is required. 
The implementation used in the ODD-Balloons model is outlined in Appendix A. 
Choosing the suitable values for o> ^ and co 2 is presented in Appendix B. 
With the inflation force added, the external force F^^,{y{s)) is modified from 
^ext(vW) = -VP(vW) to 
Fe.(v(.)) = M ( v W ) - ^ , ^ [ ^ 
where h{^{s)) is the unit vector to the curve at point v(^), and k^ and k^ are the 
amplitudes ofthe inflation and image forces respectively. At regions of uniform intensity 
where there is no image force at all, the inflation force will push the contour outwards 
until it meets an edge. 
There is a note in using the balloon model. The sole purpose of the inflation force 
is to push the contour outwards regions ofuniform intensity where there is no image force 
at all, until the contour meets an edge. It is important not to have an inflation force so 
large that it pushes the contour past the desired boundary and away from its force field. 
Hence, k^  is chosen slightly smaller than k^. Of course, both k^  and k^  have to be 
adjusted such that the contour would not move more than a pixel in one iteration step, and 
at the same time would not miss any edge. 
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3.4 Orthogonal Cut and Volume Transfer 
A key issue in the model is how a set of parallel contours is cut orthogonally to 
form another set of parallel contours. 
The intersection between a set of parallel contours and an orthogonal plane 
appears as a set of coplanar, parallel line segments over a series of divisions. In the 
simplest form, a number of consecutive divisions have line segments, and there is only 
one line segment in each ofthem. The new active contour for such a case is simply the 
closed contour joining the end-points of the line segments across adjacent divisions, as 
illustrated in Figure 3.5. 
^____ 0""^ "^  ^ ^ ^ ^ \ ^ 
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orthogonal cut ofparallel contours active contour at the cut 
Figure 3.5 The orthogonal cut ofa set of parallel contours toform an active contour. 
However, there can be complications such as those shown at the top ofFigure 3.6. 
There can be multiple line segments in the same division, and there can be no line 
segment at all in some intermediate divisions. In fact, such characteristics generally 
indicate the presence of a branching, a concavity, a through-hole (non-zero genus), or an 
inside-hole ofthe structure in 3-D. Separated regions, or inside-hole(s) may appear in a 
cutting plane. Segmentation and contour extraction algorithms are necessary to position 
the active contours from the end-points of the line segments. 
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Figure 3.6 The orthogonal cut ofa set ofparallel contoursfor a structure which branches and possesses 
holes. 
If each line segment is viewed as a collection of points, and each of such points as 
a foreground picture element in a background, the classical connected-component labeling 
technique [17] applicable to binary images would definitely be able to segment the 
orthogonal cut into a number of regions, each of which corresponding to a separate 
structure as seen from the cross-section. However, such an approach disassembles the 
already linearly grouped foreground points, ignoring the available information that points 
on the same line segment should belong to the same region, and thus would not be the 
most efficient. 
The segmentation process is simplified in the following way. All points on the 
same line segment are said to belong to the same region, as mentioned above. Two line 
segments which are adjacent and which have overlap across their spans of extension, 
hereafter called the neighboring line segments, are also said to belong to the same region. 
Through a simple procedure similar to the connected-component labeling algorithm but 
applied to the line segments as opposed to points, the two assumptions would allow the 
line segments to be more efficiently segmented into a number of groups, each group 
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corresponding to a connected region in the orthogonal cut. The boundary of each of such 
regions is where a new active contour should locate. 
The active contour, with an outside-boundary and perhaps with one or more 
inside-boundaries as well if the region contains holes, is defined from the end-points of 
the constituent line segments in the following way. 
A region is viewed as a consecutive series of divisions, each ofwhich containing 
one line segment or a number of collinear line segments. The end-points at the two 
extremes (topmost and bottommost) of each division are first labeled as “1”，as shown in 
Figure 3.7(a)，which represents points on the outside-boundary ofthe region. To extract a 
closed contour requires establishing neighboring relationship among such points. Two 
such points can be neighbors ifthey satisfy either of the following three conditions: 
1. The extreme points belong to the neighboring line segments connected in two adjacent 
divisions. There may be an ambiguity which extreme point of one division 
corresponds to which extreme point of another division. But this problem can easily 
be resolved by corresponding the points in accordance with their top-to-bottom 
positions in the divisions. 
2. The points belong to the same line segment which has only one side of neighboring 
line segment, which means the line segment is at one far end ofthe region. 
3. The pair top and bottom points belong to two consecutive line segments in the same 
division where the segments have a common neighboring line segment, which means 
the line segments constitute a concave shape ofthe region. 
With such conditions, each o f the end-points labeled “1” will have at least one 
neighbor labeled “1”. Should all ofthem have two neighbors labeled “1”，it is the simplest 
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case; the contour formed from the points according to the neighboring relationship is 
closed and becomes the outside-boundary of the active contour. 
Otherwise, the existing outside-boundary points represent only an open contour, 
and those end-points with only one neighbor labeled “1” are precisely where the open 
ends of the contour are. In such a more complicated case, additional outside-boundary 
points are to be grown from the open end-points until a set of outside-boundary points 
each with two neighbors labeled “1” are obtained. 
As shown in Figure 3.7(b), an unlabeled end-point, which together with an open 
end-point satisfies either one of the neighboring conditions as stated above, can be an 
additional neighbor of the open end-point, and if so, it will be a new outside-boundary 
point and will be labeled “1”. Such new outside-boundary points in tum may have only 
one neighbor labeled “1”，and if so, they are the new open end-points ofthe contour. The 
neighboring conditions are then applied to such newly generated outside-boundary points 
again to find yet newer outside-boundary points. The process is iterated until a set of 
outside-boundary points all with two neighbors labeled “1”，are obtained. Such end-points 
together form a closed contour, which is the outside boundary of the active contour to be 
defined for the region. 
i 
The outside-boundary is all the active contour has if all the end-points of the line 
segments are labeled “1”. Holes exist inside the region, and the active contour has inside-
boundaries as well if otherwise. Extraction of the inside-boundaries in the case ofhaving 
holes is rather simple. Merely, the same process as used in extracting the outside-
boundary can be employed. To each division with unlabeled end-points, negative line 
segments are defined as the line segments, which, if added to the division, wouldjust be 
enough to join the original line segments into single piece(s) and would keep the positions 
ofthe top-bottom pair(s) labeled end-points in the division unchanged. It should be noted 
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that there may be more than a pair of labeled end-points in the same division. The 
negative line segments are illustrated in Figure 3.7(c). Such negative line segments in fact 
represent regions the holes occupy. As shown in Figure 3.7(d)，the above segmentation 
procedure can thus be applied to the negative line segments to segment them into different 
holes. The above outside-boundary extraction procedure can also be applied to the 
negative line segments of each hole to find the outside-boundary of the hole. Such 
outside-boundaries of holes are then the inside-boundaries of the active contour to be 
defined. In this system, inside-boundaries of extremely small area are regarded as being 
formed from noise and are discarded. 
As such, there can be multiple active contours (each with an outside-boundary and 
perhaps some inside-boundaries) on the same plane. Such contours will deform 
independently under the balloon mechanism. However, if the walls of any two such active 
contours ever touch, they will merge into one immediately at the point ofcontact. 
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Figure3.7 Extraction ofan active contour from a connected region, which consists ofan outside-
boundary and two inside-boundaries. 
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3.5 Smoothing Operation 
The interactions among parallel contours can be thought as operations smoothing 
the surface. When one of the parallel contours moves across a desired boundary, due to 
the presence ofnoise, neighboring contours cannot prevent it from bleeding through since 
there is no interaction between the contours. Human intervention may be necessary to 
correct this error, otherwise, it will be propagated to the later iterations. In order to 
minimize the human intervention in the system, an 1-D smoothing operator is devised to 
make the system more robust to noise. 
Noise is assumed to be random. When there is a bleeding occurring in a plane, it 
probably does not appear at a nearby position on neighboring planes. Therefore, bleedings 
can be easily detected as they would cause active contours that have abrupt change in 
shapes or very small area to be initialized in a later orthogonal cut. The 1-D smoothing 
operator is used to detect the changes and smooth them iffound. 
To prevent errors from being propagated to the next iteration, the smoothing 
operator is applied to the line segments (including the negative line segments) grouped by 
the segmentation process, but before extracting the outside-boundary of a contour from 
the segments (see Section 3.4). 
A line segment has at most two non-overlapping ending sections at its both ends. 
A non-overlapping ending section is defined as the section with an end-point of a line 
segment which does not overlap with adjacent segments (Figure 3.8(a)). The smoothing 
operator finds the section of each line segment if it exists, and checks whether it is larger 
than a threshold value. If it is larger, the section is then removed by the operator (Figure 
3.8(b)). The threshold value should not be chosen too large to allow bleeding being 
propagated. A value less than or equal to the spacing among the parallel contours is 
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recommended. Moreover, a discrete line segment (i.e. zero area to be initialized) except 
the set ofcontours initialized at the very beginning, is also removed too. This mechanism 
has made an implicit assumption that it is a smooth 3-D boundary to be extracted, which 
is often true for biological structures. 
— 1 ^ . 
\ non-overlapping 
\ sections of , 
V middle line 
f segment 
- - T^ 
(a) two non-overlapping ending sections (b) after smoothing 
Figure 3.8 The line segment (middle) after the smooth operation. 
Figure 3.9 demonstrates how the smoothing operation works. A contour is found 
cross over the boundary, as shown in Figure 3.9(a). A set of parallel line segments is 
gathered in an orthogonal cut in Figure 3.9(b). One of the line segments is found longer 
than others and then shortened by the smoothing operator to make the outline of the 
segments smooth (Figure 3.9(c)). A set with one discrete line segment only is found in 
another orthogonal cut in Figure 3.9(d). The segment is then removed, and in this case the 
set becomes empty (Figure 3.9(e))，and hence no contour is initialized in that cutting 
plane. 
After the smoothing operation, a new active contour can be extracted from the 
smoothed segments. 
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Figure 3.9 Demonstration of the smoothing process. 
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3.6 Properties 
In the design of the reconstruction model, particular emphases are placed on its 
conformation to any shape, insensitivity to noise, computationally efficiency and user-
friendliness. The ODD-Balloons model which can satisfy such requirements is described 
andjustified in the following. 
3.6.1 Conformation to 3-D Shape 
The ODD-Balloons model can conform to any closed shape in 3-D, regardless of 
how complex the shape is and whether it has branchings, concavities, through-holes, or 
inside-holes. 
The conformation is possible because the successive sets of parallel contours 
represent a mass which has an inflation force moving each surface element outwards in 
three orthogonal directions in tums. The volume V{t) of the mass is therefore 
monotonically increasing ( ¾ > 0) until all the surface elements are blocked in all the 
three orthogonal directions in 3-D. That is, the mass keeps expanding until it is blocked 
everywhere. Since the volume of any closed shape is bounded, the mass will finally 
occupy it fully. 
3.6.2 Noise Sensitivity 
Xhere are generally two kinds of noise in 3-D data. There can be a presence of 
intensity gradients locally inside the structure, which stops the deformation there from 
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proceeding, and there can be an absence of intensity gradients locally over the structure's 
boundary, which lets the deformation there bleed through. 
The first kind of noise often takes the form of a local surface patch inside the 
structure, usually open (with holes), as shown in Figure 3.10(a). The 3-D balloon model 
generally does not handle it well as each surface element is bounded to move outwardly 
from its current position in a direction normal to the active surface. The 3-D balloon will 
be stuck at any place with a large intensity gradient facing it, unless the inflation force is 
made huge enough, which however would cause other problems such as pushing the 
active surface past the desired boundary and away from the boundary's force field. 
0 鼻 
I / thcwallbreakshere j last setofactivecontours 
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(a) noise spot with an incomplete surface (b) wrap-aroundproperty ofthe ODD-Balloons model 
Figure 3.10 2-D analogy of the ODD-Balloons model applied to data with an inside noise spot (the 
thinner lines represent inflated balloons at later iterations). 
In contrast, the noise spot would not present a problem to the ODD-Balloons 
model. As the deformations are along different directions in tums, the model does notjust 
move outwards but also wraps around obstacles from behind. The 2-D analogy of the 
property is illustrated in Figure 3.10(b). In other words, any surface formed from intensity 
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gradients inside the structure has to sustain deformations from all directions. If it is open, 
it will be wrapped around and discarded. 
The second kind of noise presents a more difficult problem to the ODD-Balloons 
model than to the 3-D Balloon model. While the 3-D balloon model has the continuity 
(membrane) or smoothness (plate) forces that reduce bleeding through holes on the body 
structure's boundary, such adhesive forces are weaker in the ODD-Balloons model in the 
sense that the forces are present only within each 2-D contour but not across neighboring 
contours. However, since the ODD-Balloons model does not require strong inflation 
forces to overcome effects of inside noise spots, such 2-D adhesive forces are often 
adequate. In fact, it is exactly the weakening of the adhesive forces that gives the model 
more mobility to wrap around isolated edges in comparison with the 3-D balloon model. 
Therefore, the smoothing operator discussed in Section 3.5 is used to filter away the 
bleedings. 
3.6.3 Convergence and Efficiency 
The model always grows in its size until it is blocked by a boundary. The iteration 
will finally stop, and hence, the model converges every time. In fact, it normally takes 
only a few orthogonal directions of deformation to recover a structure, unless it is of a 
very complicated shape. The contours in later iterations achieve the equilibrium state 
faster due to being initialized closer to the desired boundary. Since deformations are 2-D 
rather than 3-D, the ODD-Balloons model is generally more efficient than the active 
surface model. The model is also highly parallelizable, as the parallel contours in each 
deformation stage all work independently. Hence, the system can be transferred easily to 
parallel-architecture computer without much modification. 
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3.6.4 Easy-to-use 
The model requires only an initial input of a coarse contour on one ofthe slices to 
start with. The coarse contour is to trigger the entire reconstruction operation. It can also 
be viewed as a means for the user to pinpoint which object in the data to separate and 
reconstruct. The initial contour need not be very close to the desired boundary in the 
corresponding slice, but only well inside the boundary. So, the contour should be easy to 
supply. 
While the system is designed to assume only one such contour, the model itself 
does not stop the user from using more than one initial contour on different slices, which 
may increase the robustness and efficiency of the approach. For a structure with an 
extremely complicated shape, it is not unreasonable to ask the user to supply contours on 
a few "key" slices where the structure shape changes abruptly. 
It is unrealistic to assume that the model always constructs shapes perfectly. 
Occasional, local errors are inevitable to any reconstruction mechanism, especially if the 
tomographic data is very noisy, or if some structures in it are too close to one another. 
Yet, since the ODD-Balloons model is merely a set of 2-D contours, it is possible for the 
user to manipulate the settled contour on any problematic slice through a simple interface 
using the mouse. The set ofcontours will deform again in a succession oforientations and 
settle in a different equilibrium appropriately. 
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3.7 Summary 
In summary, the algorithm ofthe ODD-Balloons model can be defined as follows: 
Step l .The user supplies an initial contour inside the desired region in one of the 
tomographs. The contour expands and fits to the boundary. 
Step 2. A set of new parallel active contours with a zero area are initialized from the 
above contour at the equilibrium state in an orthogonal direction. The spacing 
among the new contours can be arbitrarily adjusted by the user. 
Step 3. Each contour then evolves and achieves the equilibrium state independently in an 
orthogonal direction. 
Step 4. Iteration stops if there is no considerable volume (formed by a set parallel of 
contours) change between three successive iterations. If there is considerable 
volume change, the operation proceeds to next step. 
Step 5. A new set ofparallel active contours are initialized in another orthogonal direction 
from the previous set ofcontours and, undergo segmentation, smoothing operation 
and contour extraction, and then step 3 is repeated. 
The user can intervene the system with any intermediate steps ifnecessary. 
3-24 
Chapter 4 : Experiment Results 
Chapter 4 
Experiment Results 
The proposed model was tested by two sets of synthetic data and a set ofreal MRI 
data. The following sections give the characteristics of the data sets, preprocessing steps, 
intermediate and final results. Discussions ofthe results are presented in the last section 
of this chapter. 
4.1 Synthetic Data Experiments 
The objective ofthe experiments is to extract the 3-D shape of the artificial objects 
from the two sets ofsynthetic data. To simulate the usually noisy nature ofreal images, a 
Gaussian noise of 30 standard deviation was added to the data. Before feeding any image 
data into the model, however, a 3-D Gaussian smoothing operator of 1.0 standard 
deviation was applied to the data for smoothing. 
Shown in Figure 4.2 are some of the slices of an ellipsoid-shape object with 
Gaussian noise. There are totally 60 slices. The slices were sampled with the frequency of 
one in every eight consecutive slices. 
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Slice number 30 was chosen to initiate the ODD-Balloons model. An initial 
contour was given inside the desired 2-D boundary in that slice. The contour expanded 
and conformed to the boundary. The initial, intermediate, and final shapes ofthe contour 
are shown in Figure 4.3. 
A set of parallel contours were then initialized from the above contour in the Y - Z 
direction, as shown in Figure 4.4. The contours expanded along Y-Z planes until they 
were withheld by edge forces. They evolved independently with no interaction among 
them. Figure 4.5 shows the final shape of the parallel contours, and Figure 4.6 shows 
shaded views of the surface they form. The surface assumes a close-to-perfect ellipsoid-
shape. 
Another more complicated example is provided, a kidney-shape object, which has 
a curved sweeping axis. It requires more deformation directions to reconstruct fully. 
Shown in Figure 4.7 are some of the slices of the object with Gaussian noise. 
There are totally 200 slices. This time the slices were sampled with the frequency of one 
in every four consecutive slices. 
Slice number 78 was chosen to start with. Likewise, an initial contour was given 
inside the desired 2-D boundary in that slice, and it expanded and conformed to the 
boundary. The initial, intermediate, and final shapes of the contour are shown in Figure 
4.8. 
A set of parallel contours were then initialized from the above contour in the Y - Z 
direction, as shown in Figure 4.9. The contours expanded along 7 - Z planes until they 
were withheld by edge forces. Figure 4.10 shows the final shape of the parallel contours, 
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and Figure 4.11 shows shaded views of the surface they form. It can be seen that the two 
tips of the kidney were missing. 
Another set of parallel contours were then initialized from the above surface, this 
time in the Z - X direction. Likewise, the contours expanded along Z - X planes until 
they were withheld by edge forces. Figure 4.12 shows the fmal shape of the parallel 
contours, and Figure 4.13 shows shaded views of the surface they form. The surface 
assumes a close-to-perfect kidney-shape. 
4.2 Real Data Experiment 
A set of MRI data provided by National Library of Medicine under its Visible 
Human Project was employed to test the model. The data shows the pelvis part of a 
human female. The goal of this experiment is to extract the 3-D structure of the uterus 
from the tomographic images. 
The original image size of each slice is 256x256. There were altogether 32 
slices. The spatial resolution is 1.875 mm within each slice and is 4 mm between slices. 
Each voxel has a 12-bit value. 
Before testing the model, a series of preprocessing steps to the image data was 
carried out namely scaling, cropping, interpolation, smoothing and image enhancement. 
1. Scaling 
The original image data has 12-bit value per voxel. Since most general purpose 
display devices can only handle 8-bit gray level value, the data were scaled down to 8-
bit. The graph in Figure 4.1 shows the mapping from 12-bit to 8-bit. To maximize the 
overall contrast of the image data after scaling, both extreme regions of the 12-bit 
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value were chopped off because the values lying between the regions represent most 
of the objects. 
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Figure 4.1 Intensity transformation function for the real MR1 data. 
2. Cropping 
To minimize the computer storage space required for processing, the data was 
cropped into smaller size. The cropped data encloses the object of interest (uterus) 
with as few irrelevant structures as possible. The new image size ofeach slice became 
150 X 150. There were still 32 slices. 
3. Interpolation 
Since the inter-slice spacing is greater than the distance between pixels within the 
slice (4 mm vs. 1.875 mm in the data), interpolation is required to make the data 
isotropic or same resolution in all three dimensions. Tri-linear interpolation is most 
commonly used in 3-D. However, linear interpolation over less than eight points (less 
than three points in the data) may also be appropriate and even superior [19]. 
Therefore the new slices were computed from old using linear interpolation [9] to 
make an isotropic dataset. There were a total of 68 slices after interpolation. Some 
slices are shown in Figure 4.14. 
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4. Smoothing and Image Enhancement 
As what was done in the synthetic data experiments, a 3-D Gaussian smoothing 
operator of 1.0 standard deviation was applied to the real data. Then, the data 
underwent a non-linear transformation to enhance the contrast ofthe organ. 
After going through the series ofpreprocessing steps, the new data set consisted of 
68 slices, each with an image size of 150x150. Each new voxel contains a 8-bit value. 
The data was smoothed and enhanced with the contrast for testing the model. 
The reconstruction process was the same as that in the synthetic data experiments. 
The slices were sampled with the frequency ofone in every three consecutive slices. Slice 
number 50 was chosen to initiate the experiment. An initial contour was placed inside the 
boundary of the uterus in that slice. It then expanded and fitted to the boundary. Figure 
4.15 shows the initial and final shapes of the contour. 
A set of parallel contours were initialized from the above contour in the Y-Z 
direction. The contours evolved along the 7 - Z planes until they were withheld by edge 
forces. Two ofthe planes are selected here to show the initial and final shape ofcontours 
on those planes in Figures 4.16 and 4.17. The geometry of the set of contours regarding 
their initial and final shapes is shown in Figure 4.18. 
Another set of parallel contours were then initialized from the previous set of 
contours. Likewise, the contours expanded along the Z - X planes until they were 
withheld by edge forces. The contours on two of the planes are given in Figure 4.19 and 
4.20 to show of their initial and final shapes. In Figure 4.21, the geometry of the set of 
contours is shown. 
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The other set of parallel contours were again initialized. The contours expanded 
along the X-Y planes until they were withheld by edge forces. There are three planes 
selected to show initial and final shapes of contours on those planes in Figure 4.22 to 
4.24. It is found that two contours were initialized on the same plane and they evolved 
independently to give their final shapes, as shown in Figure 4.22. In Figure 4.23, three 
states of a contour on that plane are shown. The initial state shows the initial shape ofthe 
contour. Its final shape conformed by the model in its steady state is shown. However, it 
was discovered that the contour stabilized on a undesired boundary. Hence, the author 
guided the contour to the desired place, as shown in the revised final state. The geometry 
ofthe set of contours is shown in Figure 4.25. 
Finally, the shape of the organ was constructed from the above set of contours. 
The shaded frontal view and back view of the organ are shown in Figure 4.26, and the 
shaded lateral views are shown in Figure 4.27. 
4.3 Discussions 
Smoothing image data in the above experiments is a necessary step for noise 
reduction and for blurring small details. It also generates a differentiable data for 
computing intensity gradient. The Gaussian smoothing operator used above was shown 
that it is an optimal compromise between conflicting smoothness constraints [15]. It is 
thus unlikely that artifacts are introduced by the smoothing process. 
Firstly, the synthetic data experiments were conducted. Two sets of synthetic data, 
an ellipsoid-shape object and a kidney-shape object, were used in the experiments. The 
model took one iteration to generate the stable shape of the ellipsoid object and two 
iterations for the more complicated shape of the kidney object. But it is important to note 
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that more iterations does not mean more total computation time. The number of iteration 
depends on the complication of the object shape and the position of the initial surface 
given by the user. There is no direct relationship between the number of iteration and the 
computation time. In fact, the total computation time is only proportional to the size ofthe 
surface of the object. 
To illustrate a surface formed by a set ofparallel contours, the NUAGES software 
was used to construct it. The surfaces were displayed using the gradient shading technique 
[3]. The top and bottom ofboth objects' surfaces were simply closed by a plane, as shown 
in the Figure 4.6. This is the reason why the top and the bottom of the ellipsoid surface 
were flat. However, this phenomenon is not obvious in the shaded view ofkidney surface, 
as shown in Figure 4.13. The reasons are that the sampling frequency is greater in the 
kidney object, and the curvatures ofboth end surfaces are small. 
There was no human intervention in the synthetic data experiments except that an 
initial contour was given to each by the author. And it is found that the model 
reconstructed the 3-D shapes of the two synthetic objects very well even though the 
sampling was not in full resolution. 
The real data experiment was then followed. One set of real MRI data was used in 
the experiment. The mechanism took only three iterations to generate the stable shape of 
the organ. It was observed that two contours were initialized on the same plane, as shown 
in Figure 4.22, because the branching occurred there. It would not cause any problem to 
the proposed model. However, the organ presents a difficult object to both the 
propagation model and the tubular model proposed in [12]，as the models cannot handle 
multiple contours on the same slice. The active surface model with inflation force can 
reconstruct the organ, but it would require a great deal ofcomputations. 
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In the whole experiment, the author needed only once to guide a contour to the 
desired boundary (Figure 4.23). As the model is merely a set of independent 2-D 
contours, it is easy to manipulate the problematic contour without interacting with others. 
Conversely, it is more difficult to interact with a surface in the active surface model, 
because complex interactions between surface elements give an unpredictable result while 
the surface is being manipulated by a user. Visualization of the surface with image data is 
also a problem hindering easy intervention with human. 
For the terminating ends of the organ, the extracted surface was capped by 
creating an end point generated by using the centroid of the end contour and extending the 
point out of that plane to a half of the sampling space. So, a more realistic shape was 
constructed. 
Since the true 3-D shape of the utems is not available, it is difficult to quantify 
how good the extracted shape is. Furthermore, the shape also depends on how well the 
NUAGES software constructs from contours. Nevertheless, it can be seen that the 2-D 
contours conformed to the boundary accurately, except one, need a human intervention. 
And, the final shape should resemble that of an uterus closely. 
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slice 5 slice 20 slice 40 slice 55 
Figure 4.2 Sliceframes ofan ellipsoid-shape object with Gaussian noise of30 s.d. (60 slices total). 
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Figure 4.3 Initial contour on slice 30 (the ellipsoid-shape object). 
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Figure 4 4 Initial state ofthe parallel contours along Y-Z planes (the ellipsoid-shape object). 
• • 
Figure 4.5 Different views ofthe parallel contours at equilibrium along Y - Zplanes (the ellipsoid-shape 
object). 
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Figure 4.6 Shaded views ofthe shape recovered (the ellipsoid-shape object). 
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pigure 4.7 Sliceframes ofa kidney-shape object with Gaussian noise of30 s.d. (200 slices total). 
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Figure 4.9 Initial state ofthe parallel contours along Y-Zplanes (the kidney-shape object). 
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Figure 4.11 Shaded views ofthe approximation shape recovered (the kidney-shape object). 
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Figure 4.12 Different views ofthe parallel contours at equilibrium along Z - Xplanes (the kidney-shape 
object). 
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pigure 4.13 Shaded views ofthe final shape recovered (the kidney-shape object), 
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Figure 4.14 A few sliceframes ofan organ (uterus): 68 slices total, with about 30 slices containing the 
organ (Courtesy ofthe National Library ofmedicine under the Visible Human Project). 
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Figure 4.15 Initial contour on anX- Yslice (slice 50) (the uterus). 
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Figure 4.16 Deformation ofa Y-Z contour in iteration 1 (the uterus). 
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Figure 4.17 Deformation ofanother Y-Z contour in iteration 1 (the uterus). 
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Figure 4.18 Parallel Y-Z contours in iteration 1 (the uterus). 
4-18 
Chapter 4 : Experiment Results 
M^M^ 
^'i^BJ m l ^ ^ : I ^ P i - .J 
initial state final state 
Figure 4.19 Deformation of a Z - X contour in iteration 2 (the uterus). 
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Figure 4.20 Deformation of another Z - X contour in iteration 2 (the uterus). 
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Figure 4.21 ParallelZ-Xcontours in iteration 2 (the uterus). 
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Figure 4.22 Deformation of a X - Y contour in iteration 3 (the uterus). 
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Pigure 4.23 Deformation ofanother X - Y contour in iteration 3 (the uterus). 
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Figure 4.24 Deformation ofyet anotherX- Ycontour in iteration 3 (the uterus). 
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Figure 4.25 ParallelX- Ycontours in iteration 3 (the uterus). 
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Figure 4.26 Shaded views of the final shape from thefront andfrom the back (the uterus). 
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Figure 4.27 Shaded views of the final shape from the lateral angles (the uterus). 
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5.1 Conclusion 
The objective of this research is to investigate the reconstruction of 3-D medical 
images - tomographic images, using with deformable models. These models offer a 
reasonable approach to solving the reconstruction problem, due to their stability, 
controllability，and their property ofregularizing data gathered over regions ofan image. 
Various forms ofthe active surface models, as discussed in Section 2.6, had been 
proposed to tackle the problem but they are either computationally expensive or limited to 
tubular shapes. However, the proposed ODD-Balloons model effectively can reconstruct 
3-D structures from tomographic data, and is conformable to any shape. 
The underlying principle of the model is that it breaks down the highly 
interconnected 3-D deformation system into 2-D pieces that work independently to save 
computations, and that deform in different directions to conform to various shapes. It also 
allows easy intervention, ifnecessary, in any immediate steps of its deformation process, 
which is inherited from the 2-D deformation system. To keep minimum help from 
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humans, the model is designed to require only an approximate contour on one of the 
tomographs as the input. Moreover, the model with its highly parallelizable algorithm can 
be transferred to parallel-architecture computers easily. 
By reason ofthe weaker interactions among components ofthe proposed model, it 
gives the model more mobility to wrap around noise spots inside the desired boundary. 
Yet, it also gives the model too mobile to bleed through the boundary because of the 
absence of intensity gradient over the boundary. Hence, a smoothing operator is devised 
to compensate this deficiency of the model (Section 3.5). 
The extracted shape from the proposed model often resembles the true 3-D 
boundary ofthe structure closely enough for clinical purpose. Even ifi t does not, it can be 
used as an input to the generic active surface model for more detailed refinement. A 
former version of the ODD-Balloons model can be found in [2]. And a portion of this 
work has been presented in [18]. 
5.2 Recommended Future Work 
In the proposed ODD-Balloons model, examination of local intensity gradients is 
needed to guide the model to boundaries of objects, though, the estimation of a local 
gradient becomes a difficult problem statistically in images with appreciable noise. 
Maximizing region contrasts between the average intensity values inside and outside the 
boundaries seems more robust to noise while locating the true boundaries [6]. It is 
suggested here that future work add the boundary contrast to the model so as to improve 
the noise immunity. That is, the model can incorporate both boundary-based (edge 
detection) and region-based (region contrast) approaches to the image force. Another 
alternative is that only the region-based approach is used in the image force. Hence, the 
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average intensity value obtained from an independent division of the model can be passed 
to other divisions for reference. In this way, the model can increase the cohesion among 
divisions while still minimizing the complex interactions among them. 
On the other hand, the prototype ofthe ODD-Balloons model was implemented in 
a fmite difference method. With this finite difference method, there is only information at 
discrete points of a subdivision, but none between these points. Therefore, the distance 
between successive points must be made very small to achieve sufficient precision so as 
not to miss too much information，since the external forces are applied at the grid of 
points. This typically yields larger systems of linear equations. With the fmite element 
method, it works with whatever size the grid has. Therefore, the model implemented in 
the fmite element method can lower algorithmic complexity. 
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Appendix A 
Discrete Implementation 
of the 2-D Deformation 
Suppose the dynamics 
Ms,t) 一 8E({x{s)}) 
dt — av(5) 
=[o y(s)Y - [o 2V"Wr - VP(v(^)) 
is to be implemented discretely and the values of {y{s,t):s e[0,l]} at equilibrium are to 
be extracted. 
In discrete domain, {\(s,t)} is represented by an n x 1 vector 
W 、、< 
< 
where n is the total number of divisions of s. 
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Since v;, » ^ ^ (A/z is the s -division), 
(V^) ' «DV^ 
where D is an n x n matrix 
1 G • • • • • • • • • • • • • • • — 1 
__1 1 Q • • • 0 
1 0 - 1 1 0 0 
D = a 0 0 - 1 1 0 0 . 
Q • • • • • • • • • • • • Q ~~1 1 
As a result, (OiV")' can be approximated by (02D')V^ where co^ D^ is an nxn 
tridiagonal banded matrix, and (co^V"^" by (cD2D')V^ where co^D' is an nxn 
pentadiagonal banded matrix. 
The gradient-descent method then becomes iterations over V^ according to the 
dynamics: 
V � V " 1 二 ( � jy2 )v, _ ( � 2D4 )V' - VP(VM ) 
At 
or 
y ^ = ( i - A t y v y \ y ^ - ' - A N P ( y ^ - ' ) ) (A.i) 
where W 二（co ^ D^)- (co 2D^) is an n x n pentadiagonal matrix, and At is the t -division. 
The equation gives an estimation of the current position vector V^ in terms of its 
immediate past value V " . The term VP(V,]) represents the contribution of the 
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external force to the final contour position, while the term (I 一 AAV”，which acts as a 
kind of smoothing operator on the modified position vector, accounts for the continuity 
requirement. (I-ArW)"^ can be calculated using LU-Decomposition [1]. 
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Appendix B 
Choosing Elasticity and Rigidity 
Coefficients of 2-D Deformation 
The coefficients of elasticity (o )^ and rigidity (co:) play an important role in the 
convergence process of the active contour toward the image feature. These coefficients 
should be chosen in a correct way such that the internal forces generated by terms ofthe 
energy E comprising the coefficients co^ . have the same magnitude as the external forces 
generated by the potential P(v) . Since a minimum of the energy E will involve a trade-
off between the internal and external energy, the solution should fit the feature while 
being smooth and regular. Ifthe internal energy is predominant, then the contour will tend 
to collapse on itself without detecting the feature, whereas if the external energy 
predominates, then the contour will converge along the feature without any degree of 
smoothing. 
A correct choice for the parameters is guided by numerical analysis 
considerations. Cohen [11] suggested the parameters to be of the order of Ah^ for co ^ and 
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